The VirB4 ATPase of Agrobacterium tumefaciens, a putative component of the T-complex transport apparatus, associates with the cytoplasmic membrane independently of other products of the Ti plasmid. VirB4 was resistant to extraction from membranes of wild-type strain A348 or a Ti-plasmidless strain expressing virB4 from an IncP replicon. To evaluate the membrane topology of VirB4, a nested deletion method was used to generate a high frequency of random fusions between virB4 and phoA, which encodes a periplasmically active alkaline phosphatase (AP) deleted of its signal sequence. VirB4::PhoA hybrid proteins exhibiting AP activity in Escherichia coli and A. tumefaciens had junction sites that mapped to two regions, between residues 58 and 84 (region 1) and between residues 450 and 514 (region 2). Conversely, VirB4::␤-galactosidase hybrid proteins with junction sites mapping to regions 1 and 2 exhibited low ␤-galactosidase activities and hybrid proteins with junction sites elsewhere exhibited high ␤-galactosidase activities. Enzymatically active VirB5::PhoA hybrid proteins had junction sites that were distributed throughout the length of the protein. Proteinase K treatment of A. tumefaciens spheroplasts resulted in the disappearance of the 87-kDa VirB4 protein and the concomitant appearance of two immunoreactive species of ϳ35 and ϳ45 kDa. Taken together, our data support a model in which VirB4 is topologically configured as an integral cytoplasmic membrane protein with two periplasmic domains.
Agrobacterium tumefaciens is a plant pathogen with the unique ability to deliver oncogenes to the genomes of susceptible plants cells (for reviews, see references 27 and 64). The translocation-competent form of the transferred DNA (T-DNA) has been proposed to consist of a single-stranded molecule covalently associated at its 5Ј end with the VirD2 protein and noncovalently associated along its length with VirE2, a single-stranded-DNA-binding protein (14, 64) . Delivery of these so-called T-complexes across the A. tumefaciens envelope requires 10 of the 11 products of the virB operon and the product of the virD4 gene (5, 8) . Three proposed components of the T-complex transport machinery, VirB4, VirB11, and VirD4, contain consensus Walker A nucleotide-binding motifs. Mutational analyses have established that VirB4 and VirB11 require intact nucleoside triphosphate (NTP)-binding motifs to function as virulence factors (7, 22, 40, 51) . Similar results have been obtained for the VirD4 homolog TraG of the IncP plasmid RP4 (4). VirB4 and VirB11 have been shown to exhibit weak ATPase activities (13, 45) . Purified VirB11 also autophosphorylates, although the physiological relevance of this in vitro activity remains to be demonstrated (13) .
Recent sequence comparisons indicate that the VirB and VirD4 proteins are highly similar to components of conjugation systems dedicated to the interbacterial transmission of broad-host-range (BHR) plasmids of the IncN (pKM101) (39) , IncP (RP4) (30) , and IncW (R388) (27) incompatibility groups and, to a lesser extent, the Escherichia coli F plasmid (31) .
These findings have provided strong support for an early hypothesis that A. tumefaciens delivers T-complexes to plants by a process resembling conjugation (50) . More intriguingly, most of the VirB proteins are highly similar to components of the Ptl transport machinery dedicated to export of the six-subunit pertussis toxin across the Bordetella pertussis envelope (60, 61) . Furthermore, the VirB4 homolog PicB of Helicobacter pylori has been postulated to function in the export across the bacterial envelope of an unidentified product that is responsible for induction of interleukin-8 secretion in gastric epithelial cells (54) . VirB11-like proteins constitute a large family of ATPases whose functions are required for conjugal transfer of DNA, export of a variety of protein substrates, and import of DNA by transformation (see reference 31). Together, these discoveries underscore the general importance of activities provided by proteins related to the VirB4, VirB11, and VirD4 ATPases for macromolecular transport of DNA or protein across the gram-negative envelope. In fact, the T-complex transport machinery itself recognizes and delivers a variety of substrates, including T-DNA, the mobilizable IncQ plasmids, and possibly VirE2 protein only, to competent bacterial or plant recipient cells. VirB4, VirB11, and VirD4 are required for the export of each of these molecules (5, 7-9, 13, 14, 22, 58) .
The precise contributions of the VirB4, VirB11, and VirD4 proteins to transport have not been elucidated. Topology studies indicate that VirD4 possesses a transmembrane configuration (37) , whereas VirB11 likely resides exclusively at the cytoplasmic face of the cytoplasmic membrane (18, 40) . VirB4 possesses several hydrophobic regions of sufficient length to span the membrane, but each of these regions is interrupted by at least one and in some cases several charged residues (29, 46, 53, 56, 57) . These findings have led to contradictory predictions that VirB4 resides in the cytosol (63) or in the periplasmic space (6) . Previously, we demonstrated that VirB4 cofractionates predominantly with the cytoplasmic membranes of wildtype strain A348 and cells expressing virB4 in the absence of other virB genes (7) . In this study, we further characterized the nature of the membrane association of VirB4. Our results are consistent with a model in which VirB4 possesses two periplasmic domains, one near its N terminus and a second just after a Walker A NTP-binding motif.
MATERIALS AND METHODS
Enzymes and reagents. Isopropyl-␤-D-thiogalactopyranoside (IPTG), phenylmethylsulfonyl fluoride (PMSF), 5-bromo-4-chloro-3-indolyl phosphate (XP), 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal), p-nitrophenyl phosphate, o-nitrophenyl galactoside, Triton X-100, Triton X-114, carbenicillin, kanamycin, and tetracycline were purchased from Sigma (St. Louis, Mo.). p-Nitroblue tetrazolium and alkaline phosphatase (AP)-conjugated goat anti-rabbit immunoglobulin G were from Bio-Rad Laboratories (Hercules, Calif.). Acetosyringone (3Ј,5Ј-dimethoxy-4Ј-hydroxyacetophenone [AS]) was from Aldrich (Milwaukee, Wis.). Restriction endonucleases were from New England Biolabs (Beverly, Mass.), Promega (Madison, Wis.), or Gibco-BRL (Grand Island, N.Y.). Exonuclease III was from United States Biochemical (Cleveland, Ohio). S1 nuclease and the four deoxyribonucleoside triphosphates were from Boehringer Mannheim (Indianapolis, Ind.). Klenow fragment of E. coli DNA polymerase I was from Promega.
Bacterial strains, plasmids, and growth conditions. Table 1 lists the bacterial strains and plasmids used in this study and their relevant characteristics. Conditions for growth of E. coli and A. tumefaciens cells have been previously described (14) . For induction of the vir genes, A. tumefaciens cells were grown in MG/L medium (49) to an optical density at 600 nm (OD 600 ) of 0.5, harvested by centrifugation, and inoculated at an initial OD 600 of 0.2 into IM medium (AB minimal medium [pH 5.5] containing 1 mM phosphate [13] ) supplemented with 200 M AS. Cultures were incubated with shaking at 28ЊC for 18 h and then harvested for protein analysis (13) . In A. tumefaciens and E. coli cells, plasmids were maintained by addition of carbenicillin (50 g/ml), kanamycin (50 g/ml), or tetracycline (5 g/ml) to the growth medium.
Recombinant DNA techniques. DNA manipulations and DNA electrophoresis were performed as described by Sambrook et al. (41) . A. tumefaciens cells were transformed by electroporation, and plasmids were recovered for physical characterization as previously described (8) . DNA sequencing was carried out at the DNA Core Facility of the Department of Microbiology and Molecular Genetics, University of Texas-Houston Medical School, with an ABI 373A DNA sequencer (Perkin-Elmer, Applied Biosystems Division), using Taq polymerase in a thermal cycling reaction. PCR amplification was performed with a PerkinElmer Cetus DNA thermocycler, using Taq DNA polymerase from Promega. Oligonucleotides were synthesized with a BioSearch 8600 DNA synthesizer.
Protein analysis and immunoblotting. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (8) . VirB proteins, DnaA, and VirB::PhoA hybrid proteins were visualized by SDS-PAGE; protein was then transferred to nitrocellulose membranes, and immunoblot development was achieved with goat anti-rabbit antibodies conjugated to AP (14) . Previous studies established the reactivity of antisera to the VirB4 (58), VirB5 (7), VirB11 (13), DnaA (18, 34) , and VirA (62) proteins. Subcellular fractionation. E. coli and A. tumefaciens total cell extracts were prepared by cell lysis with a French pressure cell (14,000 lb/in 2 ) followed by removal of cell debris and unbroken cells by low-speed centrifugation at 7,000 ϫ g. The cleared lysate was separated into soluble (cytoplasmic and periplasmic) and insoluble (membrane) materials by centrifugation at 200,000 ϫ g for 1 h at 4ЊC with an SW55 rotor. For solubilization studies, total membrane fractions were washed with 0.2 M KCl and then suspended in 10 mM Tris buffer (pH 8.0) containing one of the following: 0.5 or 1 M NaCl, 1 M KCl, 10 mM EDTA, NaHCO 3 adjusted to a pH of 3.0 or 11.0, 5 M urea, 1 or 2% Triton X-100, 1% SDS, 1 or 2% Triton X-114, or 1 or 2% octylglucoside (OG) (24) . The final concentration of protein in each reaction mixture was 1 mg/ml. Reaction mixtures were incubated at 4ЊC for 1 h and then centrifuged at 100,000 ϫ g for 30 min to pellet insoluble material. This material was resuspended in 10 mM Tris buffer (pH 8.0) to a volume equal to that of the soluble material. Soluble and insoluble materials were electrophoresed through SDS-polyacrylamide gels and assayed for the presence of the VirB4 and VirB5 proteins by immunoblot analysis. Treated membranes were further fractionated into cytoplasmic and outer membrane fractions by isopycnic sucrose density gradient centrifugation at 120,000 ϫ g and 4ЊC as previously described (14) . The efficiency of membrane separation was monitored by assaying gradient fractions for the presence of the cytoplasmic membrane markers VirA (62) and NADH oxidase activity (see reference 18) and by measuring the OD 280 for total protein content. The presence of VirB4 in gradient fractions was assessed by SDS-PAGE and immunostaining.
In vitro construction of virB4::phoA and virB5::phoA gene fusions by exonuclease III nested deletions. The ЈphoA gene, which encodes AP lacking its signal sequence, was isolated from plasmid pUI1156 as an XbaI-KpnI fragment and introduced into corresponding sites of pPC948, resulting in plasmid pPC103. Next, the virB4, virB5, and ЈphoA genes from pPC103 were isolated as a ϳ4.4-kb NdeI-KpnI fragment and introduced into similarly digested pBSIISK ϩ NdeI. The resulting plasmid, pPC104, was used to construct a collection of virB4::phoA and virB5::phoA chimeric genes. This was achieved by cleaving pPC104 at unique Bsu36I (5Ј overhang) and SacI (3Ј overhang) sites to generate ends that were susceptible and resistant, respectively, to digestion with exonuclease III. In preliminary experiments, the exonuclease III digestion reaction was estimated to proceed at approximately 250 bases per min at 37ЊC. Linearized pPC104 was resuspended in exonuclease III buffer and incubated at 37ЊC. Exonuclease III was added at time zero, and then a total of 25 aliquots were removed at intervals of 30 s and placed immediately into S1 nuclease-containing tubes on ice. After all samples were collected, the tubes were placed at room temperature for 30 min; this was followed by addition of S1 stop buffer. The ends of the treated DNA were converted to blunt ends by incubation with the Klenow fragment of E. coli DNA polymerase I and deoxynucleoside triphosphates at room temperature for 30 min. The 25 samples were pooled into five groups, each containing aliquots from five consecutive time points. The linear DNA from each of the five groups was isolated from a 1% NuSieve GTG agarose gel, ends were ligated together with T4 DNA ligase, and recircularized plasmid DNA was introduced by electroporation into E. coli CC118 cells. Transformants producing in-frame fusions to AP were screened on Luria-Bertani (LB) plates containing the chromogenic indicator XP at 40 g/ml (34) . A total of 32 independent virB4::phoA fusions and 10 independent virB5::phoA fusions were identified by physical mapping with restriction enzymes. Fusion junctions were mapped by DNA sequence analysis with the sequencing primer 5Ј-ACCGCCGGGTGCACTAATAT-3Ј, which is complementary to the 5Ј end of the ЈphoA gene.
In vitro construction of virB4::phoA gene fusions by cloning. Three virB4::phoA gene fusions were constructed by insertion of ЈphoA cassettes into unique restriction sites in the virB4 coding sequence carried on pPC943, as described in Table 1 .
Construction of virB4::lacZ fusions. Plasmids expressing virB4::lacZ fusions from P lac were constructed by the following methods. The BamHI fragment containing the lacZ cassette from pMC1871 was subcloned into pBCSK ϩ to generate pTAD250. Next, the XbaI-KpnI fragment containing the lacZ cassette from pTAD250 was substituted for an XbaI-KpnI fragment containing the ЈphoA gene in plasmids expressing virB4::phoA fusions generated by the exonuclease III nested-deletion method. Plasmids were transformed into E. coli DH5␣ cells and plated on LB plates containing carbenicillin (50 g/ml) and the chromogenic indicator X-Gal (40 g/ml). Analysis of transformants appearing as white or light-blue colonies led to identification of pTAD262 (virB4::lacZ58), pTAD263 (virB4::lacZ76), pTAD264 (virB4::lacZ84), pTAD265 (virB4::lacZ450), pTAD267 (virB4::lacZ487), and pTAD268 (virB4::lacZ514).
Two virB4::lacZ gene fusions with junction sites corresponding to residues 237 and 780 of VirB4 were constructed as described in Table 1 . E. coli and A. tumefaciens expressing virB4::lacZ237 and virB4::lacZ778 grew as dark-blue colonies on plates containing X-Gal.
Enzyme assays. E. coli cells expressing the gene fusions were grown in LB broth (41) to an OD 600 of 0.4; IPTG was then added to a final concentration of 1 mM, and cells were incubated for an additional 1 h at 37ЊC. A. tumefaciens A348 cells expressing the gene fusions were grown to an OD 600 of 0.4 in MG/L broth. Cultures were also incubated for 18 h in vir gene induction media (IM) with or without 200 M AS (18) . Iodoacetamide (1 mM final concentration) was routinely added to cell cultures prior to harvesting to prevent disulfide bond formation and thus the spontaneous activation of cytoplasmically localized AP (17) . AP and ␤-galactosidase (␤-Gal) activities were assayed in permeabilized cells as described by Manoil (33) and Miller (35) . Units of activity were calculated according to the references mentioned above. At least three independent assays were performed in triplicate for each strain.
Protease susceptibility studies. A. tumefaciens whole cells and spheroplasts were prepared for treatment with proteinase K as previously described (18) . The susceptibility of proteins in whole cells and spheroplasts to protease was determined by the addition of proteinase K at a final concentration of 100, 200, or 400 g/ml and incubation on ice for 45 min. The proteolysis reaction was quenched by the addition of 2 mM PMSF followed by incubation on ice for 5 min. To monitor protease susceptibility of proteins in lysed spheroplasts, spheroplasts were treated with 0.5% Triton X-114 as previously described (18) . The extent of proteolysis of VirB4, VirB5, VirB11, and DnaA was analyzed by SDS-PAGE and immunostaining with antibodies specific to these proteins.
RESULTS
Nature of membrane association of VirB4. VirB4 cofractionates in sucrose density gradients with the cytoplasmic membranes of wild-type strain A348 as well as A136(pZDH10), a Ti-plasmidless strain that constitutively expresses virB4 and virB5 from P lac on an IncP replicon (7) . The nature of the membrane association of VirB4 was further examined by testing for extractability from membranes of A348 cells with various reagents. Figure 1A shows that VirB4 was detected exclu- sively in the particulate fractions upon centrifugation of membranes treated with a reagent (or under a condition) effective at disrupting electrostatic interactions, e.g., NaCl, KCl, EDTA, or basic (pH 11) or acidic (pH 3) conditions, or with a protein denaturant, e.g., 5 M urea. Interestingly, VirB4 also was found in the particulate fractions after treatment with a nonionic detergent, e.g., Triton X-100, Triton X-114, or OG ( Fig. 1B ) (see below). We have shown elsewhere that the integral cytoplasmic membrane protein VirA (62) also sediments with the particulate materials after treatment of A348 membranes with any one of these reagents (40) . Next, to distinguish whether particulate VirB4 recovered from the membrane treatments was membrane-associated or aggregated protein, we centrifuged the insoluble material through isopycnic sucrose gradients and assayed fractions for the presence of VirB4 and the cytoplasmic membrane markers VirA and NADH oxidase activity. Figure 2 shows representative fractionation profiles obtained from sucrose density centrifugation of treated A348 membranes from uninduced and AS-induced cells. Treatments with NaCl or urea resulted in partitioning of VirB4 in low-density fractions near the tops of the gradients. These fractions also contained cytoplasmic membrane, as evidenced by copartitioning of the cytoplasmic membrane markers VirA and NADH oxidase activity (data not shown). Thus, NaCl and urea treatments failed to extract VirB4 from the cytoplasmic membrane. Similar patterns of distribution were observed upon sucrose gradient analysis of membranes treated with the other reagents listed at the top of Fig. 1A . AS induction had no detectable effect on VirB4 partitioning in these gradients, suggesting that the vir gene products do not markedly influence the membrane association of VirB4.
In contrast to the above-mentioned findings, Triton X-100 treatment of membranes caused VirB4 (Fig. 2) and VirA (data not shown) to partition near the bottoms of the sucrose gradients. The absence of VirA from the low-density fractions, in which untreated cytoplasmic membranes of A. tumefaciens normally partition (see reference 18) , suggests that the detergent treatments effectively solubilized the cytoplasmic membrane. The observed patterns of distribution most probably can be explained by density shifts caused by binding of detergent to these proteins or detergent-induced protein aggregation.
Active virB4::phoA and virB5::phoA fusions generated by exonuclease III nested deletion. Results of the membrane treatment and fractionation studies suggested that VirB4 associates tightly with the cytoplasmic membrane. To evaluate the membrane topology of VirB4, we constructed in-frame fusions between virB4 and ЈphoA, whose product, AP, folds into an active conformation only when secreted (33) . Previous PhoA fusion studies using TnphoA failed to identify active fusions between PhoA and VirB4 or its IncN homolog, TraB, suggesting that these proteins do not contain large periplasmic domains (6, 39) . Because TnphoA exhibits some site preference and does not always saturate a gene of interest, we utilized a nesteddeletion method originally devised by Sugiyama et al. (52) for construction of in-frame gene fusions. We included virB5 in these investigations to test the utility of this approach, since we (18) and others (6) had already provided evidence that VirB5 possesses exported domains.
Plasmids from 42 E. coli transformants that grew as blue colonies on XP-containing plates were isolated, and the fusion junctions were sequenced. Figures 3A and 4A show the junction points between ЈphoA and the virB4 and virB5 genes that yielded hybrid proteins with AP activity. Thirty-two of the sequenced products had in-frame virB4::phoA gene fusions with junction sites that mapped to 16 different positions clustered in two distinct regions of virB4. Region 1 corresponded to residues 58 to 84 near the amino terminus of VirB4, and region 2 corresponded to residues 450 to 514 in the middle of VirB4. As depicted in Fig. 3A , stretches of hydrophobic residues of sufficient length to span the cytoplasmic membrane flanked both regions. The remaining 10 plasmids possessed in-frame virB5::phoA gene fusions with junction sites that mapped to nine different positions; these junction sites were distributed along the length of virB5 (Fig. 4A) .
Twenty-five plasmids containing unique virB4::phoA and virB5::phoA gene fusions whose products exhibited AP activity in E. coli were ligated to the BHR plasmid pSW172 (12) for introduction into A. tumefaciens A348 cells. A. tumefaciens cells carrying these constructs, but not untransformed cells, grew as blue colonies on MG/L plates containing XP. Quantitative assays showed that E. coli and A. tumefaciens cells synthesizing the VirB4::PhoA and VirB5::PhoA hybrid proteins exhibited AP activities well above the background level of Ͻ2 U per OD 600 unit reproducibly obtained for CC118 and A348 host cells (Fig. 3B and 4B ). These analyses further showed that E. coli and A. tumefaciens cells synthesizing VirB5::PhoA hybrid proteins exhibited much higher AP activities than cells synthesizing VirB4::PhoA hybrid proteins. The VirB5::PhoA proteins generally gave rise to AP activities of between 800 and 2,000 U in both species. By contrast, the VirB4::PhoA proteins that mapped to region 1 gave rise to AP activities of 75 to 200 U in E. coli and 10 to 50 U in A. tumefaciens. The VirB4::PhoA proteins that mapped to region 2 gave rise to AP activities of 15 to 50 U in both species. The one exception, the hybrid protein with a junction point at residue 450, gave rise to higher AP activities of 150 to 175 U. We further quantitated the AP activities of A. tumefaciens cells incubated in IM only and in IM with 200 M AS for induction of vir genes. All strains incubated in these media exhibited AP activities that were comparable to levels observed upon growth in MG/L media, indicating that the presence of Vir proteins does not contribute markedly to the stabilization of these hybrid proteins.
The nested-deletion method used in this study is predicted to generate in-frame virB::phoA fusions at a frequency of one in three for the religated plasmids. This high frequency likely accounts for our ability to recover active VirB5::PhoA hybrid proteins with junction points that mapped at intervals of 8 to 49 residues throughout the length of VirB5 (Fig. 4A) . Therefore, we expected that a large number of the original E. coli transformants that grew as white colonies on XP plates synthesized inactive fusion proteins. To test for activity of hybrid proteins with junction points outside of regions 1 and 2, we constructed three virB4::phoA gene fusions that coded for hybrid proteins joined at residues 237, 250, and 312 of VirB4 (Fig. 3A) . E. coli CC118 cells carrying plasmids pTAD58 (virB4::phoA237), pTAD59 (virB4::phoA250), and pTAD60 (virB4::phoA312), and A. tumefaciens cells carrying these plasmids ligated to the BHR vector pSW172, grew as white colonies on XP-containing plates. These strains possessed background levels of AP activity (0 to 2 U per OD 600 unit) as determined by quantitative assay (Fig. 3B) .
All of the active virB4::phoA and virB5::phoA gene fusions synthesized immunoreactive bands of the size expected for intact AP, and several synthesized immunoreactive species of sizes expected for the full-length hybrid proteins, as determined by immunoblot analysis (data not shown). Hybrid proteins joined at residues 237, 250, and 312 of VirB4 were undetectable, consistent with the notion that cytoplasmically disposed PhoA is rapidly degraded and is not accessible to binding by PhoA antibody. The correlation between AP activities and steady-state abundance of corresponding hybrid proteins suggests that differences in protein stabilities, not specific activities of PhoA moieties, account for the observed differences in AP activities. As noted below, the C terminus appears to have a stabilizing effect on native VirB4. The absence of these residues may prevent VirB4::PhoA hybrid proteins from adopting stable configurations.
Activities of virB4::lacZ fusions. We constructed a set of virB4::lacZ gene fusions by substituting lacZ for ЈphoA carried on the virB4::phoA gene fusions. Fig. 3C shows that the ␤-Gal activities of the ␤-Gal fusions were generally opposite the values of the AP activities of the corresponding PhoA fusions. Whereas VirB4::PhoA hybrid proteins joined at residues 237 and 780 exhibited background levels of PhoA activity, the corresponding VirB4::␤-Gal hybrid proteins exhibited high ␤-Gal activities. Conversely, fusion of ␤-Gal at residues within regions 1 and 2 resulted in hybrid proteins with lower ␤-Gal activities. These findings are compatible with a VirB4 topology in which regions 1 and 2 correspond to exported domains and stretches of residues located between regions 1 and 2 and after region 2 correspond to cytoplasmic domains. It should be noted, however, that ␤-Gal activities of region 2 fusions were on the order of four-to fivefold higher than those of region 1 fusions. While this finding could raise a question as to whether region 2 indeed spans the membrane, a transmembrane configuration for this region is supported by results of protease susceptibility experiments (see below).
Protease susceptibility of VirB4. We complemented the reporter protein fusion experiments by assaying for effects of protease on the integrity of VirB4. Figure 5 shows that protease treatment of A348 whole cells had no effect on VirB4, but treatment of A348 spheroplasts resulted in degradation of the 87-kDa protein with the concomitant appearance of two immunoreactive species with apparent molecular sizes of ϳ45 and 35 kDa (Fig. 5A, lanes 5 to 7) . Treatment of spheroplasts, but not whole cells, resulted in degradation of VirB5, but without the appearance of low-molecular-weight immunoreactive species (Fig. 5A) . By contrast, treatment of spheroplasts did not degrade cytoplasmic DnaA or VirB11 (Fig. 5A) ; these findings are in agreement with previous data from this laboratory (18) . Protease treatment of spheroplasts from a derivative of A348 expressing the lac operon from pLAFR2 (Table 1) also did not degrade cytoplasmic ␤-Gal (data not shown). These controls show that exogenous protease failed to gain access to cytoplasmic proteins under these experimental conditions. Furthermore, protease treatment of detergent-lysed spheroplasts resulted in the complete degradation of VirB4, VirB5, VirB11, and DnaA, demonstrating that these proteins are not intrinsically resistant to protease (Fig. 5A, lane 9) . Finally, we were unable to visualize the 45-and 35-kDa immunoreactive species upon treatment of spheroplasts from the nonpolar virB4 null mutant PC1004 or the Ti-plasmidless strain A136, which confirms that these species are degradation products of VirB4 (data not shown). [56, 57] ) prior to the PhoA or ␤-Gal sequence. The numbers in parentheses refer to numbers of gene fusions shown by sequence analysis to have the same junction site. The absence of a number in parentheses indicates that only one gene fusion was isolated. Fusions with junction sites at residues 237, 250, and 312 were constructed by cloning (see Table 1 ). Shaded boxes with Roman numerals I to IV refer to hydrophobic stretches with membrane-spanning potential. Region 1 was defined by VirB4::PhoA fusions with junction sites at residues 50 to 84. Figure 5B shows that treatment of spheroplasts from ASinduced and uninduced A348(pZDH10) cells also caused degradation of VirB4 with the concomitant appearance of the 45-and 35-kDa species, suggesting that similar domains are susceptible to protease in the presence and absence of vir gene products. The apparent molecular sizes of the immunoreactive species suggest that an extracytoplasmic domain is located near the middle of the protein, which is compatible with the identification of active VirB4::PhoA hybrid proteins with fusion sites mapping to region 2 (Fig. 3A) . We gained additional evidence that both regions 1 and 2 of VirB4 are accessible to exogenous protease by demonstrating that the active VirB4::PhoA fusions with junction sites mapping in these regions were degraded upon protease treatment of spheroplasts (16) . We attempted to further map the protease-susceptible regions of VirB4 by comparing the sizes of degradation products generated by proteolysis of several C-terminal truncation derivatives ( Table 1) . Each of these truncation derivatives accumulated at low levels. Although protease treatment of spheroplasts clearly caused degradation of these species, levels were not high enough to allow for immunological detection of degradation products (16) .
DISCUSSION
In the present study, we evaluated the nature of the interaction of the VirB4 ATPase with the cytoplasmic membrane. Fractionation and membrane treatment studies provided evidence for a tight interaction with the membrane. The use of a nested-deletion strategy (52) led to the identification of enzymatically active VirB4::PhoA fusions that possessed junction sites in two discrete regions. A parallel analysis of VirB5, which has been predicted to localize peripherally at the periplasmic face of the cytoplasmic membrane (18, 20) tumefaciens. AS-induced A. tumefaciens strains A348 (A) and AS-induced and uninduced A348(pZDH10) (B) were converted to spheroplasts and treated with proteinase K as described in Materials and Methods. Treated samples were subjected to SDS-PAGE, and immunodevelopment of blots with the VirB4, VirB5, VirB11 and DnaA antisera was performed to identify the proteins listed at the right. (A) Lanes M, molecular mass standards, with sizes (in kilodaltons) listed at the left; lanes 1, whole cells without protease; lanes 2, whole cells with proteinase K added to 100 g/ml; lanes 3, whole cells with PMSF added to 2 mM followed by addition of proteinase K to 100 g/ml; lanes 4, spheroplasts without protease; lanes 5, spheroplasts with proteinase K added to 100 g/ml; lanes 6, spheroplasts with proteinase K added to 200 g/ml; lanes 7, spheroplasts with proteinase K added to 400 g/ml; lanes 8, spheroplasts with PMSF added to 2 mM followed by addition of proteinase K to 400 g/ml; lanes 9, lysed spheroplasts with proteinase K added to 100 g/ml. (B) Lanes 1 to 3, AS-induced A348(pZDH10); lanes 4 to 6, uninduced A348(pZDH10); lanes 1 and 4, whole cells with proteinase K added to 400 g/ml; lanes 2 and 5, spheroplasts without protease; lanes 3 and 6, spheroplasts with proteinase K added to 200 g/ml. Arrows with lowercase letters a and b denote positions corresponding to ϳ45-and ϳ35-kDa immunoreactive species, respectively, that appeared upon protease treatment of A348 (panel A, lanes 5 to 7) and A348(pZDH10) (panel B, lanes 3 and 6) spheroplasts.
VirB5::PhoA fusions, the following three lines of evidence support the idea that the PhoA moieties joined at residues in regions 1 and 2 of VirB4 are exported across the cytoplasmic membrane. First, AP activities of strains synthesizing these hybrid proteins were well above background levels of host cells even with the addition of iodoacetamide prior to cell lysis; this sulfhydryl-alkylating agent has been shown to prevent formation of disulfide bonds and, hence, the proper folding of cytoplasmic PhoA (17) . Second, AP activities generally were correlated with the abundance of VirB4::PhoA and VirB5::PhoA fusions. Strains synthesizing the VirB4::PhoA fusion proteins with junction sites in regions 1 and 2 accumulated immunoreactive polypeptides the size of native AP, and some accumulated detectable levels of the hybrid proteins. By contrast, the VirB4::PhoA fusions with junction sites outside of regions 1 and 2 were immunologically undetectable. Together, these findings suggest that the somewhat low AP activities of these fusion proteins most probably can be attributed to sensitivity to proteolysis. Consistent with this interpretation, analysis of truncation derivatives suggests that the C terminus of VirB4, which is missing in the hybrid proteins, contributes to protein stabilization (16) . Third, VirB4::PhoA hybrid proteins with junction sites in regions 1 and 2 were degraded upon protease treatment of spheroplasts, whereas cytoplasmic markers were unaffected by these treatments. In addition to the evidence for export of PhoA moieties, results of the ␤-Gal fusion and protease susceptibility studies further support a transmembrane topology model for VirB4.
Region 1 is located near the N terminus of VirB4, between two potential membrane-spanning domains at residues 14 to 37 (IYLPYIGH 
IGAMI) (TMIV)
. It should be emphasized that the assignment of these potential TMs is based solely on the presence of sufficient numbers of contiguous hydrophobic residues to span the cytoplasmic membrane and on their proximities to junctions of active VirB4::PhoA fusion proteins. TMI and TMIII reside immediately upstream of region 1 and 2 junction points, respectively, which gives us confidence that these TMs are important for export of PhoA moieties of the active VirB4::PhoA fusion proteins. A previous sequence-based analysis also predicted that residues corresponding to TMI span the cytoplasmic membrane (6) . The assignment of TMIV is less certain given that we failed to recover active hybrid proteins with junction points mapping between residue 514 and the beginning of TMIV. Interestingly, we identified one fusion protein, VirB4::PhoA450, with a junction point that mapped within TMIII (Fig. 3) . In their studies of LacY permease, Calamia and Manoil (10) determined that as few as 9 to 11 amino acids of a larger membrane-spanning sequence are sufficient to promote PhoA export as long as they are contiguous apolar residues. Likewise, the junction point at residue 450 for VirB4::PhoA450 is located just after a stretch of 10 contiguous apolar residues within the larger putative transmembrane domain TMIII. In addition, it has been noted that fusion proteins with junctions in the latter half of an outgoing transmembrane stretch often exhibit high AP activities (10) . This observation could account for the unusually high AP activity of the VirB4::PhoA450 fusion protein compared with the other VirB4::PhoA fusion proteins.
There are several potentially charged residues in TMI to TMIV. As mentioned above, a subset of as few as nine residues can suffice as a transmembrane segment, so it is possible that most of these charged residues are not embedded within the membrane. It may be of significance, however, that the net charge balance of TMI and TMII and that of TMIII and TMIV potentially approach zero and, furthermore, that four of the charged residues in TMI and the three in TMII lie on the same sides of the corresponding ␣ helices, as predicted by the Wisconsin Genetics Computer Group Helicalwheel program. Similarly membrane-embedded charged residues within transmembrane ␣ helices of other membrane proteins, such as bacteriorhodopsin and sensory rhodopsin I (see reference 48) and lactose permease (11) , have been postulated to form salt bridges, for movement of ions, as critical features of the associated signalling and transport processes. Furthermore, an earlier study by Oosawa and Simon (38) showed that an A19K substitution in TMI of the Tar chemoreceptor of E. coli could be suppressed by substituting glutamic acid residues for hydrophobic residues in TMII. Together, these findings support the notion that charged residues within transmembrane regions are potential sites for establishment of domain interactions via formation of ion pairs. Thus, the presence of charged residues does not preclude insertion of TMI to TMIV of VirB4 into or through the cytoplasmic membrane. These residues may in fact play a critical role(s) in an unidentified charge transfer reaction(s) associated with T-complex transport.
TMIII immediately follows a consensus Walker A NTPbinding site, and TMIV is just before a potential Walker B motif surrounding an Asp residue at position 634. The identification of active VirB4::PhoA fusions with junctions mapping to region 2 raises the intriguing possibility that residues between these A and B motifs comprise an extracytoplasmic domain. Computer-assisted modeling studies (25, 36) and experimental findings for the HisP (1, 3) and MalK (44) ATPase subunits of the histidine and maltose transporters, respectively, have provided support for this possibility. Modeling studies based on the known structure of adenylate kinase have led to a prediction that the Walker A and B sites form a tightly folded core structure that binds and hydrolyzes ATP. The less-conserved, generally hydrophobic sequences between the A and B sites are depicted as single-loop (36) or two-loop (25) structures that extend from the core structure. Results of early genetic (1) studies of HisP and more recent protease susceptibility studies of HisP (3), MalK (44) , and SecA (28) have also led to predictions that each of these transporter ATPases possesses a transmembrane topology. While further studies clearly are needed to better define the membrane configurations of these transporter ATPases, it may be relevant that a recombinant nucleotide-binding fold from the cystic fibrosis transmembrane regulator protein, a eukaryotic homolog of HisP and MalK, recently was shown to exhibit anion channel-forming activity when reconstituted into planar bilayers (2). This finding is at least consistent with the possibility that the nucleotidebinding folds of related transporter ATPases span the cytoplasmic membrane. On the basis of these observations, an intriguing speculation is that a hydrophobic loop(s) located just after the Walker A box of VirB4 embeds in or spans the cytoplasmic membrane. Such a transmembrane topology could facilitate interactions of VirB4 with other integral membrane components of the T-complex transport machinery. Alternatively, such a topology could provide a mechanism for transduction of information, in the form of ATP-dependent conformational changes, across the cytoplasmic membrane to periplasmic components of the transport machinery. As a test of these ideas, it will be of considerable interest to assay for interactions between this region of VirB4 and integral membrane or periplasmic components of the transport machinery.
Taken together, the results of our studies are consistent with a model which depicts VirB4 as a polytopic membrane protein with two periplasmic and three cytoplasmic domains. We suggest that the periplasmic domains coincide with regions 1 and 2 and that one of the cytoplasmic domains is located between regions 1 and 2 and the other is located between region 2 and the C terminus (Fig. 3A) . The third cytoplasmic domain is at the extreme N terminus, as deduced from the observations that (i) a VirB4 derivative with a 2-kDa His-containing moiety at its N terminus is functionally indistinguishable from native VirB4; (ii) His-VirB4 is retained on an Ni 2ϩ affinity column; and (iii) His-VirB4 migrates more slowly than does native VirB4 in SDS-polyacrylamide gels, most probably as a result of retention of the His tag (16) . Overall, this proposed topology is in accordance with the positive-inside rule of von Heijne and Gavel: more positively charged residues are located in the cytoplasmic regions of VirB4 than in the translocated periplasmic regions (55) . Also, positively charged residues are located next to the predicted cytoplasmic faces of the four TMs, which may influence the orientation of the TMs in the cytoplasmic membrane (15, 55) .
Our studies do not exclude alternative topologies. For example, VirB4 could assemble as a component of the T-complex transport apparatus in such a way that the proposed periplasmic domains do not completely traverse the cytoplasmic membrane but rather embed only partially in the membrane in a way that would allow for the export of fused PhoA moieties and for accessibility to membrane-impermeant proteases. Proteases could gain access to domains of VirB4, for example, by first degrading other proteins that shield VirB4 from the periplasmic surface. A second intriguing possibility, also offered as an explanation for the protease susceptibilities of SecA, HisP, and MalK (3, 28, 44) , is that proteases selectively degrade domains of VirB4 that are exposed within the transport channel.
Results of the present investigations failed to reveal any influence of other Vir proteins on the membrane topology of VirB4. It should be noted, however, that previous results from our laboratory indicate that VirB4 is in fact stabilized at the membrane through interactions with other VirB proteins (8, 19) . Thus, more sensitive assays must be used to ascertain if VirB4 undergoes conformation changes as a result of such stabilizing protein interactions. Moreover, further studies are needed to examine the influence of ATP binding or hydrolysis on membrane configuration. It is noteworthy that the SecA ATPase, like VirB4, exhibits protease susceptibility patterns that are indistinguishable in the presence and absence of two stabilizing factors, SecD and SecF. Yet, SecA exists in an ATP-dependent, dynamic association with the cytoplasmic membrane (28) .
Of the VirB4 homologs associated with macromolecular transport, extensive structural studies have been carried out only for TraC, a presumed component of the F plasmid conjugation apparatus (42) . Similar to VirB4, TraC associates with the cytoplasmic membrane despite its overall hydrophilic character; furthermore, the N terminus of TraC also is not processed (43) . However, the membrane association of TraC is dependent on synthesis of other Tra proteins. Moreover, a mutant derivative, TraC1044, which contains an Arg-to-Cys mutation at residue 811, was shown to exhibit a weaker membrane interaction than does native TraC, suggesting that TraC possesses a C-terminal domain which is directly responsible for interaction with the membrane or with an integral membrane protein(s) (43) . Our studies provide strong evidence that membrane interaction domains map elsewhere in VirB4. It is noteworthy, however, that both the deletion of certain VirB proteins from cells (8) and the deletion of C-terminal residues of VirB4 (16) have the same phenotypic consequence, namely, VirB4 destabilization. These observations raise the intriguing possibility that determinants localized at the C terminus are required for establishment of stabilizing interactions with other components of the T-complex transport machinery.
TraC has been postulated to be involved in assembly (and perhaps disassembly) of F pilus proteins into mature structures (43) . Recently, Fullner et al. (21) made the important discovery that the VirB proteins also assemble into a pilus structure, but a morphogenetic role for VirB4 per se could not be established since each of the strains deleted of a single virB gene failed to assemble pili. We have shown that a strain sustaining a nonpolar virB4 null mutation accumulates wild-type levels of other VirB proteins (8) . In striking contrast, mutants with nonpolar deletions of several other virB genes, e.g., virB6, virB7, and virB9, accumulate strongly diminished levels of other VirB proteins (8, 19) . On the basis of these findings, we have postulated that proteins such as VirB6, VirB7, and VirB9 play important morphogenetic roles in the assembly of VirB proteins into a stabilized transporter/pilus (19, 47) . Although there is evidence that VirB4 promotes stabilization of VirB3 (26) , its apparent lack of involvement in the general stabilization of other VirB proteins leads us to suggest that VirB4 probably does not play a central role in transporter biogenesis. Instead, we propose that VirB4 couples the energy of ATP hydrolysis to substrate translocation by a mechanism which is critically dependent on a transmembrane topology.
